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PERFORMANCE VERIFICATION TRAJECTORIES FOR THE 

MCDONNELL-DOUGLAS HIGH CROSS-RANGE SHUTTLE CONFIGURATION 

SUMMARY 

Presented  i n  t h i s  r e p o r t  are t h e  r e s u l t s  of performance v e r i f i c a -  
t i o n  t r a j e c t o r i e s  based on the  McDonnell-Douglas high c ross - r ange  two- 
s t a g e  r e u s a b l e  s h u t t l e  c o n f i g u r a t i o n  f o r  t h r e e  miss ions  as fo l lows:  
(1) a 92.6 x 185.2 km o r b i t  w i th  an  i n c l i n a t i o n  of 55 degrees  launched 
from t h e  Eas t e rn  Tes t  Range; (2) a 92.6 x 185.2 km o r b i t  w i t h  an i n c l i n a -  
t i o n  of 28.5 degrees  launched from t h e  Eas t e rn  Tes t  Range; and (3)  a 
92.6 x 185.2 km o r b i t  w i th  an i n c l i n a t i o n  of 90 degrees  launched from 
the  Western T e s t  Range. 

I. INTRODUCTION 

The purpose of t h i s  s tudy  is t o  v e r i f y  t..e performance of t h e  
McDonnell-Douglas h igh  c ross - r ange  space s h u t t l e  c o n f i g u r a t i o n  as 
s t a t e d  i n  t h e  r e f e r e n c e  f o r  t h r e e  missions:  (1) i n s e r t i o n  of t he  
o r b i t e r  w i th  a ca rgo  of 11,339.807 kg (25,000 l b s )  i n t o  an o r b i t  of 
92.6 x 185.2 km wi th  an i n c l i n a t i o n  of 55 degrees  wi th  t h e  v e h i c l e  be ing  
launched from t h e  Eas t e rn  Tes t  Range (ETR); (2)  i n s e r t i o n  of t he  o r b i t e r  
w i th  a cargo  of 29,483.504 kg (65,000 l b s )  i n t o  an o r b i t  of 92.6 x 185.2 km 
wi th  an i n c l i n a t i o n  of 28.5 degrees  and launch from t h e  Eas t e rn  Tes t  Range; 
(3 )  i n s e r t i o n  of t he  o r b i t e r  with a cargo  of 18,143.694 kg (40,000 l b s )  
i n t o  an  o r b i t  of 92.6 x 185.2 km wi th  an i n c l i n a t i o n  of  90 degrees  and 
launch from t h e  Western Tes t  Range. 

For a l l  miss ions  i n v e s t i g a t e d ,  t h e  t r a j e c t o r y  shaping and v e h i c l e  
launch weight were optimized t o  a l low t h e  maximum amount of weight t o  be 
placed i n t o  o r b i t .  Also,  t h e  p r o p e l l a n t  tanks were loaded t o  c a p a c i t y ,  
and t h i s  amount w a s  consumed i n  f l i g h t  t o  o r b i t  i n s e r t i o n .  

Although t h e r e  were some d i s c r e p a n c i e s  i n  weights i n  the  compari- 
sons made between t h e  d a t a  ob ta ined  from r e f e r e n c e  1 and t h e  t r a j e c t o r y  
s i m u l a t i o n s ,  t h e s e  d i sc repanc ie s  a r e  small and can be  a t t r i b u t e d  t o  t h e  
d i f f e r e n c e  i n  methods of t r a j e c t o r y  s imula t ion .  



The def ined  v e h i c l e  f o r  each mission as s ta ted  i n  r e f e r e n c e  1 d i s -  
p lays  the  c a p a b i l i t y  of i n j e c t i n g  approximately the  quoted amount of 
weight i n t o  o r b i t ,  Therefore ,  t h e  d a t a  presented  i n  the  r e f e r e n c e  a r e  
assumed t o  be c o r r e c t  from a performance c o n s i d e r a t i o n  only.  

Appendix A con ta ins  t h e  d a t a  obtained from the  r e f e r e n c e  and t h e  
aerodynamic d a t a ,  Appendix 33 con ta ins  t a b l e s  and graphs of performance 
d a t a  ob ta ined  from t h e  t r a j e c t o r y  s imula t ions ,  and Appendix C con ta ins  
t a b l e s  of p e r t i n e n t  t r a j e c t o r y  parameters from t h e  s imula t ions  along 
wi th  d e f i n i t i o n s  and symbols a 

11. ASSUMPTIONS USED FOR THE TRAJECTORY SIMULATIONS 

The fo l lowing  i tems are  t h e  assumptions used f o r  t h e  performance 
c a l c u l a t i o n s :  

1. The c o n f i g u r a t i o n  aerodynamic d a t a  were obtained from McDonnell- 
Douglas. These d a t a  a r e  presented  i n  Appendix A ,  Table A-4.  

2. The weight  d a t a  f o r  each mission a r e  presented  i n  Appendix A ,  
Tables A - 1 ,  A - 2 ,  and A-3 as s p e c i f i e d  i n  the  r e f e r e n c e .  

3 .  The miss ions  w i t h  cargos  of 11,339.807 and 29,843.504 kg w i t h  
i n c l i n a t i o n s  of 55 and 28.5 deg rees ,  r e s p e c t i v e l y ,  were launched from 
Eas te rn  Tes t  Range. 
an i n c l i n a t i o n  of 90 degrees  w a s  launched from the  Western Tes t  Range. 

The miss ion  wi th  a cargo  of 18,143.694 kg and with 

4. The boos te r  and o r b i t e r  were loaded t o  p r o p e l l a n t  c a p a c i t y ,  
and t h e  t o t a l  amount w a s  consumed i n  f l i g h t  t o  o r b i t  i n j e c t i o n .  The 
t r a j e c t o r y  shaping w a s  optimized t o  y i e l d  t h e  maximum weight  a t  o r b i t  
i n s  e r  t ion  e 

5. The v e h i c l e  l i f t e d  o f f  w i t h  a v e r t i c a l  r i s e  f o r  8 seconds,  A 
c o n s t a n t  p i t c h  r a t e  w a s  i n i t i a t e d  a t  8 seconds and cont inued u n t i l  
20 seconds of f l i g h t .  A g r a v i t y - t u r n  t r a j e c t o r y  w a s  s imula ted  t h e r e -  
a f t e r  u n t i l  s e p a r a t i o n  occurred.  

6 .  The v e h i c l e  w a s  assumed t o  be i n  vacuum f l i g h t  a f t e r  o r b i t e r  
i g n i t i o n  u n t i l  o r b i t  i n s e r t i o n .  

7 .  A 10-second c o a s t  per iod  w a s  assumed f o r  boos t e r  and o r b i t e r  
s e p a r a t i o n  sequence 

8, The o r b i t e r  phase of f l i g h t  w a s  opt imized by the  Min-H s t e e p e s t  
a s c e n t  method from o r b i t e r  i g n i t i o n  t o  o r b i t  i n s e r t i o n ,  
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9. The o r b i t e r  t h r u s t  l e v e l  and Isp were ad jus t ed  t o  account  f o r  
o r b i t e r  engine c a n t  angles .  

10, The e a r t h  w a s  assumed t o  be a r o t a t i n g  e l l i p s o i d .  

11. The g ross  l i f t o f f  weight  w a s  opt imized t o  y i e l d  maximum 
i n s e r t i o n  weight .  

1 2 .  The a c c e l e r a t i o n  w a s  cons t r a ined  t o  a 3-g l i m i t  by t h r o t t l i n g  
t h e  engines .  

111. EXPLANATION OF RESULTS 

The r e s u l t s  of t h i s  s tudy  a r e  presented  i n  graphs and t a b l e s  of 
Appendices B and C t h a t  a r e  s e l f - e x p l a n a t o r y .  Tables B-1 ,  B-2 ,  and B-3 
of Appendix B g i v e  a comparison of weight d a t a  f o r  each of t h e  t h r e e  
miss ions .  The comparison is  made between t h e  d a t a  obtained from t h e  
r e f e r e n c e  and the  d a t a  from t h e  t r a j e c t o r y  s imula t ions .  It  can be seen  
from t h e s e  t a b l e s  t h a t  t h e r e  a r e  some d i sc repanc ie s  i n  weights ,  b u t  
t h e s e  d i s c r e p a n c i e s  a r e  s m a l l  and can be a t t r i b u t e d  t o  the  d i f f e r e n c e  
i n  methods of t r a j e c t o r y  s imula t ion .  The e r r o r  i n  any weight d i f f e r e n c e  
is l e s s  than s i x - t e n t h s  of one pe rcen t  of the  t o t a l  weight involved.  
Therefore ,  t h e  weight  d a t a  as presented  by McDonnell-Douglas i n  t h e  
r e f e r e n c e  a r e  assumed t o  be c o r r e c t  from a performance c o n s i d e r a t i o n  
only.  

I V .  CONCLUSIONS 

The de f ined  v e h i c l e  f o r  each miss ion  d i s p l a y s  the  c a p a b i l i t y  of 
i n j e c t i n g  approximately t h e  quoted amount of weight  i n t o  o r b i t .  There- 
f o r e ,  t h e  quoted amount of cargo  f o r  each miss ion  i s  assumed t o  be 
c o r r e c t  s i n c e  i t  is a f u n c t i o n  of t h e  t o t a l  weight  i n j e c t e d  i n t o  o r b i t  
and t h e  p r o p e l l a n t s  necessary  t o  complete the  mission.  The v e h i c l e s  
designed f o r  miss ions  wi th  i n c l i n a t i o n s  of 28.5 and 55 degrees ,  respec-  
t i v e l y ,  have a ca rgo  c a p a b i l i t y  i n  excess  of t h e  11,339.807 kg 
(25,000 l b s )  and 29,843.504 kg (65,000 l b s ) .  This can  be seen  from 
Tables A-1 and A-2 i n  Appendix A ,  

3 



V. PRESENTATION OF DATA 

A ,  Appendix A p r e s e n t s  t h e  launch c o n f i g u r a t i o n ,  and weight sum- 
maries  of t h e  t h r e e  missions as obtained from t h e  r e f e r e n c e  along wi th  
a er od y namic d a t a ,  

B. Appendix B p r e s e n t s  graphs and t a b l e s  as compiled by S&E-AERO-GT 
t h a t  were obta ined  from t r a j e c t o r y  s i m u l a t i o n s  

C. Appendix C p r e s e n t s  t a b l e s  of p e r t i n e n t  t r a j e c t o r y  parameters 
from t h e  s i m u l a t i o n s  along w i t h  d e f i n i t i o n s  and symbols. 

4 



APPENDIX A 

DATA OBTAINED FROM MCDONNELL-DOUGLAS 
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Table A-4, Aerodynamic Data 

Reference Aera = 929 m2 (10,000 f t 2 )  
High Cross-Range Conf igura t ion  

Mach Number ‘Do 

0.00 

0.40 

0.50 

0.60 

0,75 

1.05 

1.15 

1.25 

2.00 

3,OO 

4.00 

5.00 

7.00 

.1053 
0712 

.0705 

,0730 

e 0881 

.1652 

,1662 

.1595 

.1120 

e 0778 

a 0595 

.0472 

a 0382 

20.00 ~ 0382 
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APPENDIX B 

PERFORMANCE DATA 
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Figure  B - 1 ,  Design Reference Mission: 92 .6  x 185,2 km O r b i t ,  
I n c l i n a t i o n  of 55",  Launched from ETR 
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2 

Figure B-2, Due East Mission: 92.6 x 185.2 km Orbit, 
Inclination of 28.5",Launched from ETR 
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2 c 0 
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T 

Figure  B-3 .  P o l a r  Mission: 9 2 . 6  x 185.2 km O r b i t ,  
I n c l i n a t i o n  of go", Launched from WTR 
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Table B - 1 .  Design Reference Mission 

926 x 185.2 km O r b i t ,  55" I n c l i n a t i o n ,  11,339.807 kg Cargo 
Launched from KSC 

D e s c r i p t i o n  of 
Parameter 

Gross L i f t o f f  Mass 

Booster P r o p e l l a n t  

Booster Burn-out 

Consumed 

We i g  h t '' 

Weight 
Booster S e p a r a t i o n  

To t a  1 O r b i t e r  Weight 

O r b i t e r  P r o p e l l a n t  

O r b i t e r  Burn-out 

Tota l  Booster  Weight 

Consumed 

Weight 

Booster Sea Level 
Thr us t 

Booster Vacuum 
Thr us t 

Booster Vacuum Isp 

No. of Booster 
Engines 

Booster Engine 
E x i t  Area 

Booster Engine 

O r b i t e r  Vacuum 

Cant Angle 

Thrus t  

O r b i t e r  Vacuum Is,, 

Number of O r b i t e r  
Engines 

O r b i t e r  Engine 
Cant Angle 

MDAC Quoted 

2,097,750 

1,389,807 

707,943 

325,316 

382,627 

237,679 

144,278 

1,715,115 

2,446,52 1 a 8 

2,691,170.3 

439 

1 2  

2.40559 

0 

2,806,765.6 

458 1.2 

2 

0 

MSFC 
S imul a t  ed  

2,096,981 

1,389,807 

707,174 

325,316 

381,858 

237,683 

144,175 

1,715,115 

2,446,521.8 

2,691,170.3 

439 

1 2  

2 a 40559 

0 

2,806,765.6 

458.12 

2 

0 

Weight 

Quoted) 
(Simulated- 

-769 

0 

- 769 

0 

- 769 

+ 13 

-113 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

;\Total v e h i c l e  weight b e f o r e  s e p a r a t i o n ,  15 



Table B-2 .  Due East Mission 

92.6 x 185.2 km O r b i t ,  28.5" I n c l i n a t i o n ,  29,483.504 kg Cargo, 
Launched from KSC 

D e s c r i p t i o n  of 
Parameter  

Gross L i f t o f f  Mass 

Booster  P r o p e l l a n t  
Consumed 

Weight" 

Weight 

Booster  Burn-out 

Booster  Sepa ra t ion  

T o t a l  O r b i t e r  Weight 

O r b i t e r  P r o p e l l a n t  
Consumed 

O r b i t e r  Burn-out 
Weight 

T o t a l  Booster Weight 

Booster  Sea Level 
Thrus t  

Boos t e r  Vacuum 
Thr us t 

Booster  Vacuum Isp 

No. of Booster  
Engines 

Area 
Booster  Engine E x i t  

Booster  Engine Cant 

O r b i t e r  Vacuum 

Angle 

Thr us t 

O r b i t e r  Vacuum Is-, 

No, of  O r b i t e r  
Engines 

O r b i t e r  Engine Cant 
Ann 1 e 

MDAC Quoted 

~~ 

2,104,008 

1 , 389 , 807 

714,201 

324,391 

389,810 

237,589 

151,553 

1 , 714,198 

2,446,521.8 

2,691,170.3 

439 

1 2  

2.40559 

0 

2 , 806,765 6 

458,12 

2 

0 

MSFC 
Simulated 

~~ 

2,103,151 

1 , 389,807 

713,344 

324 , 391 

388 , 953 

237,682 

151,270 

1 , 714,198 

2 , 446 , 5 2 1-8 

2,691,170.3 

439 

1 2  

2.40559 

0 

2,806,765.6 

458.12 

2 

0 

AW 
(Simulated . 
Quoted) 

-857 

0 

-857 

0 

-85 7 

+ 93 

-283 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

:\Total v e h i c l e  weight  be fo re  s e p a r a t i o n .  
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Table B-3.  South Polar  Mission 

92.6 x 185.2 km O r b i t ,  90" O r b i t ,  18,143.694 kg Cargo, 
Launched from WTR 

Desc r ip t ion  of 
Parameter 

Sross  L i f t o f f  Mass 

Booster P r o p e l l a n t  
Consumed 

Booster Burnout 
Weight" 

Weight 
Booster Sepa ra t ion  

Tota l  O r b i t e r  Weight 

O r b i t e r  P r o p e l l a n t  
Consumed 

O r b i t e r  Burnout 
Weight 

Tota l  Booster Weight 

Booster Sea Level 
Thr us t 

Booster Vacuum 
Thr us t 

Boos t e r  Vacuum Isp 

No. of Booster  
Engines 

Booster Engine E x i t  
Area 

Booster Engine 

O r b i t e r  Vacuum 

Cant Ang 1 e 

Thr us t 

O r b i t e r  Vacuum Isp 

No. of O r b i t e r  
Engines 

O r b i t e r  Engine 
Cant Angle 

MDAC Quoted 

2,088,199 

1 , 389,807 

698,392 

327,167 

371  , 225 

237,829 

132 , 727 

1 ,716 ,974  

2,446,521.8 

2,691,170.3 

439 

1 2  

2.40559 

0 

2,806,765.6 

458,12 

2 

0 

MSCF 
Simulated 

2 , 087 , 442 

1 , 389 , 807 

697,635 

327,167 

370,468 

237,682 

132 ,786  

1 , 7 1 6 , 9 7 4  

2 , 446,521.8 

2 , 691  , 170.3 

439 

1 2  

2.40559 

0 

2 ,806 ,765 .6  

458,12 

2 

0 

AW 

Quoted) 
(Simulated- 

-757 

0 

-757 

0 

-757 

+14 7 

+ 5 9  

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

+:Total v e h i c l e  weight be fo re  s e p a r a t i o n .  

17 



Table B-4. Sequence of Events of t h e  Mission 
w i t h  an I n c l i n a t i o n  of 55" and a Cargo of 11,339.807 kg (25 ,000  l b s )  

EVENT TIME FROM LIFTOFF (sec) 

L i f t o f f  0 

Vert ical  Rise  0-8 

Pi tch-over  Maneuver 8-20 ( p i t c h  r a t e  -35  (deg/sec) )  

Gravi ty-  t u r n  F l i g h t  20-197.441 

Maximum Dynamic P r e s s u r e  68 e 202  

Booster  G - L i m i t  Reached" 135 

S e p a r a t i o n  19 7 e 441 

Coas t Period 197.441-207.441 

O r b i t e r  I g n i t i o n  20 7 e 441 

Optimum F l i g h t  207.441-403.136 

O r b i t e r  G - L i m i t  Reached" 3 64 

O r b i t  I n s e r t  i o n  403.136 

.1, 

Approximate t i m e .  

18 



Table B-5.  Sequence of Events of the  Mission wi th  an 
I n c l i n a t i o n  of 28.5" and a Cargo of 29,483,504 kg (65 ,000  lbs )  

EVENT 

L i f t o f f  

V e r t i c a l  Rise  

P i tch-over  Maneuver 

Gravi ty-  t u r n  F l i g h t  

Maximum Dynamic P res su re  

Booster  G - L i m i t  Reached" 

Sepa ra t ion  

Coast Per iod  

O r b i t e r  I g n i t i o n  

Optimum F l i g h t  

O r b i t e r  G - L ' i m i t  Reachedfc 

O r b i t  I n s e r t i o n  

TIME FROM LIFTOFF (sec) 

0 

0-8 

8-20 ( p i t c h  ra te  = .35 (deg / sec ) )  

20-196.988 

68.604 

134 

196.988 

196.988-206.988 

206.988 

206.988-401.026 

3 64  

401.026 

d. 

Approximate t ime . 

19 



Table B-6. Sequence of Events of t h e  Mission wi th  an 
I n c l i n a t i o n  of 90" and a Cargo of 18,143.694 kg (40,000 l b s )  

EVENT 

L i f t o f f  

V e r t i c a l  Rise  

P i tch-over  Maneuver 

G r a v i t y -  t u r n  F l i g h t  

Maximum Dynamic P res su re  

Booster G - L i m i t  Reached"' 

Sepa ra t ion  

Coast Per iod 

O r b i t e r  I g n i t i o n  

Optimum F l i g h t  

O r b i t e r  G - L i m i t  Reached 

O r b i t  I n s e r t  i on  

TIME FROM LIFTOFF ( sec )  

0 

0-8 

8-20 ( p i t c h  r a t e  = .346 (deg / sec ) )  

20-198.156 

67.708 

134 

198.156 

198.156-208.156 

208,156 

208.156-407.301 

356 

407.301 

;t. 
Approximate t ime. 

20 
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